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The mixture therefore exhibits UCST b~liavior at low temperature where the energetic effect is dominant. As the temperature exceeds the UCST, the mixture forms a single homogeneous phase because the combinatorial entropy of mixing, which favors mutual miscibility, starts to dominate over the energetic effect. At further elevated temperature, however, the entropically unfavorable equation-of-state effect becomes dominant and the mixture again exhibits phase separation. It is now well-known that the equation-of-state effect in polymer solutions results from the compressibility disparity between compressible solvent molecules and relatively dense polymers5 .. The compressibility disparity in these systems is mainly due to the difference in molecular sizes. While qualitative features of the temperature-composition diagram are understood, it is often difficult to obtain quantitative agreement between theory and experiment. Here, theta temperature is defined as the asymptotic critical temperature of a ·solvent/polymer system in the limit of infinite polymer molecular weight. In typical polymer solutions, there are two theta temperatures; the theta temperature associated with LCST and that associated with UCST. g ..
where T] is the packing fraction given by (3) and (b (5) where A~ is the Helmholtz energy of N molecules of component i in the reference state.
The reference state is pure ideal gas at unit pressure and at the temperature of the mixture.
The athermal entropy of mixing calculated from Eq. (5) Parameters for a pair of unlike segments A and B are given by
(10) (11) where KAB is an adjustable intersegmental parameter. In Eq. (9), additivity of hard-sphere diameters may be relaxed by introducing an additional intersegmental parameter into Eq.
Universal functions Fa and Fb can be determined from available configurational thermodynamic property of a simple fluid (r=1) if (Jande are accurately known15.
Originally, these functions were determined by fitting the vapor pressures and the densities of saturated liquid and vapor for methane and argon15. The gas-liquid critical temperature of pure fluids, however, increases as the molecular weight of fluid rises.
Therefore, for molecular fluids (r>1), it -was necessary to introduce a scaling parameter15
into the reduced temperature to keep the magnitude of reduced temperature within the range used to determine Fa and Fb. Later, to cover a much wider reduced temperature range without using the scaling parameter, new universal functions were determined by using the PVT data for liquid methane and argon as well as the thermodynamic properties 
Equation (18) indicates that the perturbation term neglects chain connectivity. The PHSC theory approximates the perturbation term of the hard-sphere-chain system by that I of a system obtained by first breaking the bonds between bonded hard spheres and then randomly mixing non-bonded spheres. In the latter system, the segment density of a particular segment is uniform throughout the system. This assumption is reasonable in pure polymer melts and concentrated polymer solutions where the polymer-segment density as well as the solvent-segment density are essentially uniform., that is, when the mean-field assumption is valid.
In dilute polymer solutions, however, the assumption of uniform polymersegment density is not valid. Mean-field theory fails in dilute solutions because, in these systems, polymer segments are localized inside isolated polymer molecules. In addition, the polymer-segment density near the periphery of a spherical volume element occupied by a polymer molecule is smaller than that near the center of the sphere. The interaction between two polymer molecules in dilute solutions may be modeled better by the interaction between weakly overlapping spheres. The extent of interpenetration depends on various factors including the polymer's molecular weight, polymer concentration, and solvent quality. In a dilute solution, all polymer segments of a polymer molecule are not available for interaction with polymer segments of another polymer molecule20-23.
In dilute polymer solutions, the number of segments of a polymer molecule interacting with those of another polymer molecule is smaller than the number of polymer-polymer interactions in pure polymer melts. Using the incompressible FieryHuggins theory, Inagaki et az. [24] [25] [26] [27] showed that m ternary dilute polymerl/polymer2/solvent systems, the contact frequency between segments of polymer I and those of polymer2 is small~r than that given by the mean-field theory.
In the PHSC equation of state, the term ri'j.aij in Eq. (1) represents attractive interaction between a pair of molecules of components i and j. Because all polymer segments are not available for interactions in a dilute polymer solution, it is not correct to assume that the parameter which. represents the interaction between two polymer molecules in a dilute polymer solution is the same as that in a pure polymer melt whose properties were used to obtain equation-of-state parameters for a polymer.
For binary mixtures of type Ar /Br , the perturbation term in Eq. (1) The calculated LCST is readily raised by decreasing the magnitude of the last * term in Eq. (19) . Here, we propose to replace r 2 in Eq. (19) by r 2 defined by 11 (20) where VB is an adjustable parameter. Parameter VB effectively decreases the magnitude of the term which represents the attractive interaction between two polymer molecules in a dilute solution. The perturbation term in the equation of state now becomes (21) Parameter VB is introduced only into the perturbation term; the reference state in the equation of state remains unchanged. In the equation of state and Helmholtz energy of the mixture, we only need to replace aAB and aBby vBaAB and v#B' respectively. We recognize that parameter vB is a complicated function of composition and polymer molecular weight; VB approaches unity in the limit of pure polymer. To a reasonable approximation, we expect that VB is independent of composition for liquid-liquid equilibria in polymer solutions when both liquid phases are dilute (or semidilute) in polymer. Parameter VB may also vary with solvent quality because polymer molecules interpenetrate each other more significantly in poor solvents. For a given polymer, however, we expect that VB is a constant in solvents having similar quality.
Comparison with Experiment Using Parameter vB. Figure 1 compares theoretical coexistence curves with experiment for the system n-pentane/polyisobutylene (M 11 =72000; M 11 =viscosity-average molecular weight)28 exhibiting LCST behavior. With vB=l, the PHSC equation of state predicts a LCST significantly lower than experiment.
The theoretical LCST cannot be raised significantly by adjusting K"AB. The theoretical critical composition is also too small compared to experiment. Even with an unreasonably 12 small K"AB=-0.5, the calculated LCST is more than lOOOC lower than experiment; a negative K"AB represents an energetically favorable intermolecular interaction.
For systems exhibiting LCST only, however, the theoretical LCST is readily.
raised to the experimental LCST by adjusting the parameter vB alone; K"AB is set to zero. (23) where Tc is the critical solution temperature, B is the theta temperature, and lJI is Flory's entropy parameter20. The entropy parameter ljJ changes the dependence of critical temperatures on the polymer molecular ,weight but does not affect the theta temperature.
By introducing parameter
Equation (23) shows that the theta temperature is the critical temperature in the limit of infmite polymer molecular weight.
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In Shultz-Flory plots, the reciprocal of critical temperature, Tc , is plotted.
Therefore, the difference between theory and experiment in absolute temperature is larger for smaller r;
1 for a given difference between theoretical and experimental points in Shultz-Flory plots.
In Figure 3 alkane/polyethylene systems, the LCST rises with increasing molecular weight of nalkane because the compressibility disparity decreases as the difference in molecular sizes declines, even though the combinatorial entropy of mixing, which favors mutual solubility, decreases with increasing molecular weight of n-alkane. Although theory semiquantitatively predicts the dependence of LCST on solvents, the molecular-weight dependence of LCST is underpredicted. To obtain quantitative agreement of theory with experiment, VB must be slightly system-dependent. Figure 4a compares the theoretical coexistence curve with experiment for the system n-butyl acetate/polyethylene31 exhibiting both an UCST and a LCST (K'AB=0.02650, VB=0.8272). The Shultz-Flory plot for this system is shown in Figure 4b together with the Shultz-Flory plot for the system n-pentyl acetate/polyethylene31
(K'AB=0.02281, vB=0.820). For the latter system, VB is the same as that used in nalkane/polyethylene systems shown in Figure 3 . In the system n-butyl acetate/polyethylene, theory overpredicts the LCST about 15°C when K'AB is adjusted to match the UCST with vB=0.820. For high-molecular-weight polyethylene, the system nbutyl acetate/polyethylene exhibits an h<;>prglass-type phase diagram with no temperature range where the mixture is miscible in all proportions. Similar to n-alkane/polyethylene systems, n-alkyl acetate/polyethylene systems become more miscible as the molecular weight of n-alkyl acetate rises. For systems shown in Figures 4a and 4b , theory and experiment show good agreement using two adjustable parameters K'AB and vB.
In all the polystyrene solutions studied in this work, however, theoretical coexistence curves are too narrow compared to experiment. decalin is reported to be 404 oc.3 3 In the system trans-decalin/polystyrene, the dependence of UCST on the polymer molecular weight is slightly overestimated. Theory gives semiquantitative agreement with experiment for benzene/polystyrene12 and toluene/polystyrene 11, i.e., theory is }~:ble to predict that the LCST in the system toluene/polystyrene is higher than that in the system benzene/polystyrene. For the system methyl ethyi·ketone/polystyrene12, however, theory significantly overestimates the LCST; in this system, theory requires VB larger than 0.771.
For n-alkyl acetate/polystyrene13 systems, semiquantitative agreement of theory with experiment was not obtained using the same value of VB. For systems shown in Figure 7 , K'AB and vB were determined simultaneously such that the theoretical UCST and LCST agree with experiment for the highest molecular weight of polymer. Although both K'AB and vB were adjusted, the underestimation ofrthe dependence of critical temperatures on the molecular weight of polymer is severe. In n-alkyl acetate/polystyrene systems, parameter vB increases as the solvent quality declines. This observation follows from the enhanced interpenetration of polymer molecules in poor solvents. Although not shown, similar behavior was also observed for isoalkyl acetate/polystyrene systems 13. In solvent/polystyrene systems, it appears that theory and experiment are in poor agreement in polar solvents such as methyl ethyl ketone and alkyl acetates.
Introduction of Entropy Parameter. Figures 3 and 6 to 7 show that theory often
underestimates the dependence of critical temperatures on the molecular weight of polymer. Theoretical prediction is not improved by introducing an additional intersegmental parameter into Eq. (9) to relax the additivity of hard-sphere diameters between unlike segments. Here, we improve the PHSC theory by introducing an entropy parameter into the Helmholtz energy of the mixture in a manner similar to that used by Flory in hjs equation-of-state theory34-37. The correction term introduced by Flory is independent of density34-37 .
. In our equation-of-state theory, the additional term associated with the entropy parameter is also assumed to be independent of density. Therefore, the entropy parameter (
In the Helmholtz energy of mixing of the Flory-Huggins theory, the additional term associated with the entropy parameter has the same composition dependence as that in the term associated with the energy parameter. Therefore, for the PHSC equation of state, the appropriate way to introduce the entropy parameter may be to include the following * correction term A into the Helmholtz energy of the mixture given by Eq. (5): (25) where qAB is the PHSC equation-of-state entropy parameter. and Cr /Br can be fitted by adjusting intersegmental parameters KAB and KBc using the 2 3 same VB.
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